ABSTRACT LEATHERWOOD, J. M. (North Carolina State University, Raleigh). Cellulase from Ruminococcus albus and mixed rumen microorganisms. Appl. Microbiol. 13:771-775. 1965.-Cellulase in the cultural filtrates of Ruminococcus albus and cellulase extracted from mixed rumen microorganisms were investigated with acid-swollen cellulose and carboxymethylcellulose as substrates. Maximal activity occurred at approximately, pH 5.8 and 47 C. Apparent Michaelis constants (Km) varied between 0.53 and 0.02% carboxymethylcellulose, depending on the level of activity and the method of assay. R. albus cellulase has a lower Km value than the enzyme extracted from mixed rumen microorganisms. Antisera from rabbits immunized with a cellulase preparation from R. albus inhibited the cellulolytic activity of both systems. Based on the relative degree of inhibition, approximately 20% of the cellulase of the mixed rumen microorganisms was immunologically similar to R. albus cellulase. Ratios of activity in different assay techniques showed the two sources of activity to be similar in the mechanisms of degradation. However, glucose is the main product of cellulose degradation by mixed rumen microorganisms, and cellobiose is the product of degradation by R. albus.
Cellulase, a 3-1,4-glucan 4-glucanohydrolase (3.2.1.4, International Union of Biochemistry, 1961) , includes the enzymes that hydrolyze the ,B-1,4-glucosidic bonds in native, altered, or substituted celluloses. There is considerable variation in the susceptibility of various celluloses to hydrolysis and in the capacity of various cellulases to hydrolyze complex celluloses. Enzymatic degradation of complex cellulose apparently involves two principal mechanisms: (i) the separation of the cellulose molecules and (ii) the hydrolytic and phosphorolytic cleavages of the ,B-1,4-glycosidic bonds. Mandels and Reese (1964) separated hydrolytic (C.) and cellulose-solubilizing (C-1) factors of a fungal cellulase complex. Degradation of native cotton required both factors, whereas degradation of less resistant celluloses and cellulose derivatives required only the hydrolytic factor.
Anaerobic cocci are among the more important cellulolytic agents in the rumen. Two species of cellulolytic cocci, Ruminococcus albus and R. flavefaciens, were the predominant cellulolytic bacteria isolated from rumen contents of five cows fed five different rations (Bryant et al., 1958 rumen microorganisms and their extracts has been investigated by several workers, results are difficult to compare owing to the different substrates and techniques employed. There are no reports in the literature concerning cellulolytic activity in cell-free preparations from pure cultures of rumen microorganisms. A more complete understanding of cellulose degradation in the rumen will require not only an identification and enumeration of the microorganisms involved, but also will require detailed studies at the enzymatic level. This report presents some investigations of cellulase from R. albus and from mixed rumen microorganisms, with acid-swollen cellulose and carboxymethylcellulose as substrates.
MATERIALS AND METHODS
Preparation of enzymes. R. albus strain 7 (Bryant et al., 1958) was maintained on a rumen fluidcellobiose-agar medium (Bryant and Burkey, 1953) . Culture filtrates of R. albus, grown on swollen cellulose medium, were used as a source of enzyme. The medium, prepared in 3-liter roundbottom flasks, consisted of 100 ml of swollen 1% cellulose [prepared by treating cellulose powder with phosphoric acid for 2 hr (Walseth, 1952) (Bryant and Burkey, 1953) , and water added to a volume of 1,350 ml. A mixture of 95% carbon dioxide and 5% hydrogen was passed over hot copper turnings and then rapidly bubbled through the medium for 15 min.
Subsequently, 100 ml of 6% sodium carbonate, 25 ml of 3% cysteine hydrochloride, and 25 ml of 2% sodium sulfide were added. The flask was sealed with a rubber stopper containing a short glass tube that was capped with a serum stopper. The stopper was wired in position, and the sealed flask was autoclaved at 15 psi for 25 min. A 10-ml portion of a rapidly growing culture was injected into the sealed flask and incubated at 37 C for 1 to 3 days. The cells and residue were removed from the culture medium at 4 C by filtration through gauze, centrifugation at 25,000 X g for 20 min, and filtration of the supernatant fluid through a 0.45-,u pore-size filter (Millipore Filter Corp., Bedford, Mass.). The cultural filtrates were stored at -10 C.
iRumen fluid collected from fistulated steers fed a grass hay diet was the source of mixed rumen microorganisms. Fluid was withdrawn from four steers simultaneously by suction through gauzecovered strainers immersed in the lower part of the rumens. All of the subsequent enzyme-preparation procedures were conducted at 4 C. The fluid (15 to 20 liters) was centrifuged in a continuousflow system (Ivan Sorvall, Inc., Norwalk, Conn.) at 30,000 X g and a flow of 50 ml min. The clear supernatant fluid from the collection tubes was discarded; the remaining cells and liquid were added to 200 ml of 0.1 M sodium phosphate (pH 6.8), and n-butanol was added to give a final concentration of 9% and a final volume of approximately 400 ml. The resulting cell suspension was stirred about 18 hr. An extract was collected by repeated centrifugation of the cell suspension at 25,000 X g and collection of the clear supernatant fluid. The extract was dialyzed about 18 hr and stored at -10 C until used as the source of cellulase from rumen microorganisms.
Cellulase assays. Of three methods used to assay the cellulase activity of the enzyme preparations, the one employed most frequently involved the measurement of reducing groups produced by hydrolysis of carboxymethylcellulose (CMC). A 0.5-ml portion of enzyme solution was added to 2.0 ml of 1% CMC in citrate-phosphate buffer (prepared by mixing 0.025 M citric acid with 0.05 M Na2HPO4 to pH 5.8). After incubation for either 30 min or 60 min at 40 C, the increase in reducing substances was determined by use of the dinitrosalicylic acid procedure (Sumner and Sisler, 1944) . Activity is reported as the increase in reducing substances in micromoles per milliliter of enzyme per hour based on a glucose standard. Protein was determined by use of the method of Lowry et al. (1951) .
The increase in fluidity of CMC solutions was another procedure used as an assay of enzymatic hydrolysis. Calibrated viscosimeters, size 300, were used in a water bath at 40 C. A 5-ml portion of 1.2% CMC 70 M (degree of substitution approximately 0.7, medium viscosity, based on manufacturer's label) in 0.05 M sodium citrate buffer (pH 5.8) was pipetted into the viscosimeter and equilibrated to the temperature of the water bath. A 1-ml portion of dilute enzyme solution was mixed with the substrate, and viscosity measurements were made immediately and subsequently at 20-min intervals for 60 min. The enzyme solutions were diluted to produce a small change in fluidity, which was approximately linear with time. Activity is reported as the calculated change in fluidity that would occur in 1 hr for 1 ml of the undiluted enzyme solution.
The increase in soluble carbohydrates, reducing substances, and glucose from the enzymatic hydrolysis of swollen cellulose was a third method used to assay the cellulase. A 2-ml portion of enzyme solution was incubated at 40 C with 2.0 ml of citrate-phosphate buffer (pH 5.8) and 2.0 ml of swollen cellulose (1.0 to 1.4% dry matter) for 3 hr. The reaction was stopped by adding 2.0 ml of 2.0% zinc sulfate and 2.0 ml of 1.8% barium hydroxide. The reaction mixture was centrifuged. The supernatant fluid was analyzed for soluble carbohydrates by means of anthrone (Seifter et al., 1950) , for reducing substances by dinitrosalicylic acid, and for glucose by means of glucose oxidase (Glucostat, Worthington Biochemical Corp., Freehold, N.J.). Activity is reported as the increase in micromole equivalents per milliliter of enzyme per hour based on a glucose standard.
Effect of substrate concentration. The effect of CMC concentration was investigated under the conditions of the routine reducing-substance assay. Substrate concentrations of 0.1 to 1-.0%c CMC were used. Apparent Km values were determined by use of the Lineweaver-Burk method. Apparent Km values also were determined with low levels of enzyme, by use of the procedures of Halliwell (1962) .
Enzyme inhibition by antibody. Antisera from rabbits immunized with a 70% ammonium sulfate precipitate of R. albus cultural filtrates were used to investigate the inhibition of cellulase from R. albus and from mixed rumen microorganisms. Serum and enzyme were incubated for 2 hr at 25 C before being added to the substrates. The per cent inhibition due to the antisera was calculated as the per cent reduction in activity based on the activity of a control of normal rabbit serum and enzyme.
RESULTS AND DISCUSSION
Enzyme solutions from R. albus. Culture filtrates from R. albus exhibited an activity of 25 to 28 Mmoles per ml per hr of glucose equivalents hydrolyzed from CMC 4 M (0.4 D.S., medium viscosity). The specific activity was usually about 50 ,umoles/mg of protein; however, part of the detectable protein was due to the composition of the culture medium. The activity of the filtrate portion was 58% of that of the whole culture, indicating that the major portion of the cellulase is in the solution rather than attached to the bacteria. Some destruction of cellulase occurred during the preparation of the filtrates; hence, the activity probably was greater in the original fluid fraction.
Extracts from rumen microorganisms. Characteristics of R. albus and mixed rumen microorganism cellulases. Maximal activity of the cellulases from R. albus and mixed rumen microorganisms occurred between pH 5.5 and 6.0 in all of the assay techniques, except for the activity of R. albus cellulase measured as the reducing substances from CMC and as the reducing substances and soluble carbohydrases from swollen cellulose. In these two assay techniques, the R. albus cellulase exhibited a broad maximal activity between pH 5.3 and 6.8.
Maximal activity of the cellulases from R. albus and mixed rumen microorganisms, measured as reducing substances from CMC, occurred at an incubation temperature of 45 to 48 C. Dialyzed R. albus cellulase was inactivated rapidly and showed a decrease in activity with an increase of the incubation temperature. The lowest temperature tested was 30 C.
The effect of CMC concentration was investigated under the conditions of the reducing-substance assay. Apparent Km values, with CMC 4 M, were 0.26% for R. albus and 0.53% for rumen microorganisms. The final concentration of CMC was 0.8%; thus, only 75% of the maximal velocity of R. albus and 55% of the maximal velocity of the rumen microorganism cellulase were observed in the routine assay technique. Festenstein (1959) reported an increasing activity of rumen carboxymethylcellulase with increasing substrate concentration up to 1.5% substrate, the maximum tested. Application of the procedure of Halliwell (1962) yielded apparent Km values of 0.02% for R. albus cellulase Immunochemical relationships of R. albus cellulase and mixed rumen microorganism cellulase were investigated by means of antisera from rabbits immunized with a 70% ammonium sulfate precipitate of R. albus culture filtrates. In two experiments, antisera inhibited R. albus cellulase 82 to 94% and inhibited mixed rumen microorganism cellulase 14 to 23%, as indicated by assays involving the increase in reducing substances from CMC 4 L (0.4 D.S.). R. albus cellulase was inhibited 68 to 76% and rumen microorganism cellulase was inhibited 8 to 28%, as revealed by the increase in fluidity of CMC 70 M in the same experiments. Based on the relative degree of inhibition by the antisera, approximately 20% of the cellulases of the mixed rumen microorganisms were immunologically similar to R. albus cellulase.
Differences in the mechanism of action of two enzyme systems sometimes can be observed by comparing the ratios of their activity on different substrates. Results from assays of mixed rumen microorganism extracts and R. albus cultural filtrates are shown in Table 2 , and the ratios of the activity measured for each source and combination are shown in Table 3 . All assays for each enzyme source were conducted at the same time. Quantitative comparisons of activity between enzyme sources are not valid; however, comparison of ratios of activity from the R. albus source with ratios of activity from the rumen source should provide insight as to the qualitative similarity of the two systems. Reducing substances from CMC represent the total glucosidic bonds hydrolyzed, whereas the change in fluidity of the cellulose derivative is influenced more by the site of cleavage. A random-type cleavage will result in a much larger change in fluidity than that resulting from an equal amount of terminal hydrolysis.
Swollen cellulose was used as a substrate because it represents a reactive insoluble cellulose. Untreated cellulose powder was not reactive enough to provide reliable assays. Swollen cellulose, under the conditions of these experiments, was hydrolyzed at about 6% of the rate of hydrolysis of CMC. Only the initial hydrolysis was investigated. The soluble products of hydrolysis of swollen cellulose were determined as reducing groups, carbohydrate groups, and glucose.
The pattern of cellulose degradation, as revealed by comparison of ratios of activity (Table   3) , is similar for the two sources. There are differences in some of the ratios that may be due to a slight difference in the system of degradation or the lack of a cellobiase in the R. albus system. Ratios Cl, C2, and Dl in Table 3 (Table 2 ). This pattern of degradation is consistent with the metabolic pattern of this species because it does not use glucose as an exogenous source of energy (Bryant and Robinson, 1961) . The ratios of reducing substances from CMC to the change in fluidity of CMC (Al) were 9.29 for rumen microorganism cellulase and 9.36 for R. albus cellulase. If one assumes that the products of hydrolysis for CMC are mainly glucose for rumen microorganism extracts and mainly cellobiose for R. albus cultural filtrates, then the total breakdown of CMC is approximately twice as great for a specific change of fluidity by R. albus as by mixed rumen microorganisms. These comparisons indicate a different method of attack on CMC, with the hydrolysis by the rumen cellulase being more of a random type than the R. albus hydrolysis.
Ratios A2, A3, Bi, and B2 (Table 3 ) and the fact that cellobiose is the end product produced by R. albus indicate that R. albus cellulase is more active on swollen cellulose in relation to activity on CMC than is rumen cellulase.
